Tampere

INTRODUCTION
The Tampere Schist Belt (Figs. 1 and 2) has been regarded as one of the key areas of the Finnish Precambrian since the times of Sederholm (1897) and has been subject to almost continuous geological study ever since (Neuvonen & Matisto 1948 , Seitsaari 1951 , Simonen & Kouvo 1951 , Simonen 1952 , 1953 , Campbell 1980 , Gaål et al. 1981 , Kähkönen 1989 , Kähkönen & Leveinen 1994 . This belt, more than 200 km long in an E-W direction, reaches locally maximum widths of about 20 km and comprises metasedimentary and metavolcanic rocks intruded by a variety of granitoids. The metasedimentary rocks were originally mainly greywackes and pelites, with minor conglomerates, arkoses and black shales. Calcareous rocks are rare and quartzites are virtually absent. The metavolcanic rocks are generally pyroclastic in origin but contain also subordinate lavas and subvolcanic rocks. Their composition ranges from basaltic to rhyolitic, with intermediate types occurring most frequently. The basement of deposition for the belt has so far remained obscure. The regional metamorphism has commonly peaked under low-pressure amphibolite facies conditions, 10 km Simonen (1980b) and Kähkönen (1989) . which has resulted in the preservation of a number of primary sedimentary and volcanic textures. Previous geochronologic and isotopic studies of the area indicate that the igneous rocks register ages normal in the Svecofennian environment. A stratigraphically low metavolcanic rock has a zircon age of 190414 Ma , while the upper volcanic sequence has been dated at 1889±5 Ma (op. cit.). Both volcanic sequences and the sedimentary pile inbetween were deformed by granitoid intrusions dated at 1880 Ma (Käh-könen et al. 1989 , Nironen 1989 ) by U-Pb on zircons. From one of these, the Hämeenkyrö Batholith, Rb-Sr whole rock analyses have yielded an age of 1775152 Ma and the initial 87 Sr/ 86 Sr ratio is, at 0.703, suggestive of a slightly evolved Palaeoproterozoic source. A similar indication is given by the e Nd value of +0.1 (Patchett & Kouvo 1986 ).
Fig. 2. Generalized geological map of the Tampere Schist Belt and its surroundings. After
The provenance of the metasedimentary rocks in the Tampere Schist Belt has been of some concern as original data on detrital zircons indicated ages of ca. 2300 Ma (Kouvo & Tilton 1966) , and Nd isotopic studies (Huhma 1987 ) yielded T DM model ages of similar order. However, ionprobe work has established that these data reflect a mixing of two sources, a minor late Archaean one and a dominating Palaeoproterozoic one dated to be 1.9-2.1 Ga old (Huhma et al. 1991 , Claesson et al. 1993 . Considering the error limits, the youngest detrital zircon grain gives a maximum estimate of 1950 Ma, and thus the deposition of the metasediments in the Tampere Schist Belt must have occurred between 1950 and 1880 Ma.
This study aimed primarily to test whether the Au-bearing sulphide mineralisation is genetically linked with the tholeiitic metabasalts and to determine the initial lead and neodymium properties of the system. A proven genetic link between the sulphide mineralisation and the metabasalts would influence the planning of exploration for auriferous mineral deposits within the Tampere Schist Belt and an insight into the origin of the oldest rocks occurring in the Tampere Schist Belt could have a profound influence on the understanding of the Palaeoproterozoic evolution of the Fennoscandian Shield.
THE HAVERI FORMATION AND THE SULPHIDE ORES
The rocks around the Haveri mine (Fig. 3) are mainly tholeiitic basalts metamorphosed in medium grade conditions (P = 2.5 kbar, T = 550°C; Mäkelä 1980) and are cut by granodiorite stocks, a metadacite dyke and biotite-amphibolite dykes. The intermittent pillow structures in the metabasalts constitute strong evidence for a seafloor origin of these rocks. The folded mafic metavolcanic and associated rocks in the immediate vicinity of the mine form a distinct lithological unit with an After Mäkelä (1980) .
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area of about 10 km 2 . Simonen (1953) includes the mafic metavolcanic rocks in the uppermost stratigraphic unit of the Tampere Schist Belt. Although this concept appears to be generally correct, the Haveri Formation is now considered to be the oldest supracrustal unit in the Tampere Schist Belt (Mäkelä 1980 , Kähkönen & Nironen 1994 , and has been shown to grade into the metaturbidites of the overlying Osara Formation on the western shore of Kyrösjärvi. The sulphide ores consist mainly of pyrrhotite, with subordinate chalcopyrite and magnetite as well as accessory fahlores, sphalerite, molybdenite and ilmenite. They occur most often within metalava breccias and metatuffs, but also as disseminations forming sulphide-bearing rocks in all mafic units except of some massive flows.
The ore proper forms stockwork and network type breccias and fracture fillings which display folded and streaky structures. Pyrrhotite, followed by chalcopyrite, is by far the most abundant sulphide mineral at Haveri. Pyrite occurs in two generations and is seldom sufficiently abundant to be included in the main sulphides on the hand specimen level. Stigzelius (1944) considered the deposit epigenetic, but Mäkelä (1980) interpreted the sulphide breccias as syngenetic and regarded the disseminated sulphides and oxides in the mafic rocks as products of liquid immiscibility and therefore syngenetic with the silicate melt. Noting that the sulphides were enriched in 34 S (range of 8 34 S -0.5 to +8.7 per mil, average 6.3 per mil), Mäkelä (1980) concluded that the bulk of the sulphur originated through mixing of magmatic and sea-water sulphurs, and correlated the Haveri deposit with Cyprus-type sulphide ores. When mining operations ceased in 1960, the total production of the Haveri Mine had amount-ed to 1.5 Mt of ore averaging 2.8 g/t Au and 0.37% Cu (Isokangas 1978) . Currently the deposit is undergoing a new feasibility study by Baltic Minerals Finland Oy (cf. Eilu 1999) .
RESULTS
Ten whole rock samples from the metabasalts of the Haveri Formation were analysed for their Pb and Nd isotopic compositions and their U, Pb, Sm and Nd concentrations. All samples are from drill core, from which material was selected on the basis of freshness and petrography to represent as wide a spectrum of the metabasalts as possible. In order to cover the ore genetic aspect, twelve chalcopyrite separates from the Haveri Formation from the vicinity of the Haveri Mine representing the stockwork breccia mineralisation were analysed for their lead isotopic composition.
The whole rock samples were dissolved in a HF-HNO3 m ix in teflon bombs sealed in steel jackets. The chalcopyrite samples were dissolved in HCI-HNO3. The purification of lead and uranium were done using the methods described by Vaasjoki (1989) , and the lead isotopic data were normalized to the accepted values of the NBS SRM981 common lead standard (cf. Gulson et al. 1984) . To test the homogeneity of ore lead, three separate analyses were carried out on sample HVR9-2, which is a fine-grained sulphide concentrate, and two analyses were done on HVR10, which consists of rather coarse-grained chalcopyrite. For Sm-Nd analyses the samples were dissolved in HF-HNO3 using Savillex screw-cap teflon beakers following methods described by Huhma (1986) . Measurements were made in a dynamic mode on a VG Sector 54 mass spectrometer using triple filaments. Although the average value for the La Jolla standard, 143 Nd/ 144 Nd = 0.511840 ±10 (1 SD, N=18), seems reasonable, occasional biased values were recorded due to worn-out Faraday buckets. This problem clearly disappeared after bucket replacement. The lead isotopic analyses from the whole rock samples form a linear array which yields an age estimate of 1954 ±140 Ma with a mean square of weighted deviates (MSWD) of 3.6 (regression analysis using the ISOPLOT-program, Ludwig 1988) . When the two most deviating samples (HVR2/102-103m; HVR2/211-212m) are excluded from the calculation, the result is 1990 ±62 Ma with an MSWD of 0.7. Exclusion of one more sample (HVR13/124.8m) gives an age estimate of 1942±88 Ma with an MSWD of 0.3. It is obvious that these estimates cannot be treated as true ages, but they nevertheless are consistent with the Haveri Formation being emplaced at an early phase of the deposition of the Tampere Schist Belt 1.9-2.0 Ga ago.
From Fig. 4b) a Th/U ratio of 3.9 can be estimated. In contrast to the bulk of the whole rock data, lead isotopic analyses from the chalcopyrites exhibit a scattering pattern. The two samples from which several dissolutions have been made (HVR9 and HVR10), exhibit definite inhomogeneity in their lead isotopic composition. Also, most analyses contain excess 207 Pb when compared to the whole rock data (Fig. 4a) , and the Th/U ratios for the chalcopyrites appear to be variable and much lower than that of their host rocks (Fig. 4b ). An interesting feature is that two samples (HVRlOb and HVR9-4) plot close to the line determined by the Svecokarelian orogenic leads (Vaasjoki 1981) while all others contain a larger proportion of 206Pb
The metabasalts analysed have fairly uniform Sm/Nd ratios which suggest slight enrichment in LREE, compatible with the patterns shown by 
DISCUSSION
Origin of the metabasalts
Geochemical studies (Mäkelä 1980 , Kähkönen & Nironen 1994 indicate that the mafic rocks of the Vaasjoki (1981 Vaasjoki ( , 1989 as well as the average global lead evolution curve of Stacey and Kramers (1975) Haveri Formation differ substantially from other metavolcanic rocks within the Tampere Schist Belt. One of the most notable differences is the concentration of Ti0 2 , which is significantly higher in the Haveri metabasalts (ca. 1.7 wt%). According to Kähkönen and Nironen (1994) , the Haveri metabasalts are mostly low-K/medium-K tholeiites tectonomagmatically similar to marginal basin basalts, whereas most metavolcanic rocks within the Tampere Schist Belt are calc-alkaline rocks with arc-type affinities. The radiometric age estimate derived from the lead isotopic trend of the whole rock samples from the Haveri Formation is, in spite of its uncertainty, indicative of a relatively early origin during the evolution of the Tampere Schist Belt. This is in good agreement with field observations as the mafic rocks in the Haveri area seem to be on a lower stratigraphic level than the greywacke sediments (Kähkönen & Nironen 1994 ), which in turn are thought to be low in the overall stratigraphic column of the Tampere Schist Belt.
Fig. 4. Lead isotopic analyses of metabasalts (ellipses) and sulphides (squares) from the Haveri area. Data from Tables 1 and 2. Some Svecokarelian orogenic leads (diamonds) from
The lead isotopic composition of the chalcopyrite separate HVR10 ( 206 Pb/ 204 Pb = 14.70; 207 Pb/ 204 Pb= 14.99) is the least radiogenic measured within the Svecofennian domain. This composition can well be close to the initial Pb isotopic composition of the whole rocks (Fig. 4) , and suggests that the source has had a relatively low U/ Pb ratio for a considerable amount of time. This precludes the involvement of upper crustal material in the genesis of the Haveri metabasalts. According to the plumbotectonic model (Doe & Zartman 1979 ) the source could be either an old lower crust or a mantle, but a contribution of lower crustal material is not compatible with the geochemical data (Kähkönen & Nironen 1994 , Lahtinen 1994 .
The initial Nd isotopic composition for the Haveri metabasalts differs clearly from a coeval depleted mantle (e.g. Huhma 1986 , Huhma et al. 1990 , and suggests an origin from a source which has been enriched in LREE for a considerable amount of time. The Pb and Nd isotopic and geochemical information thus suggest an enriched mantle source for the Haveri metabasalts (see also Lahtinen & Huhma 1997) .
Ore genesis
The combined lead isotopic and geologic data suggest that the metabasalts of the Haveri Formation were emplaced before the introduction of the syntectonic granitoids of the Svecofennian orogeny. As the least radiogenic chalcopyrite lead (HVRlOb) plots on the extension of the linear fit to the whole rock data and five other sulphide analyses containing an excess of 206 Pb also plot close to or on the metabasalt trend, it is feasible to suggest that at least part of the sulphide material and the basaltic melt had a common source. The fact that some of the chalcopyrite samples contain a similar amount of radiogenic 206 Pb as the most radiogenic metabasalt samples can be interpreted as indicating that they remained quite unaffected by external processes since the Svecofennian orogeny.
The random scatter of sulphide lead isotopic composition on hand specimen scale implies a variation of the The large scatter observed in lead isotopic composition implies that the primitive lead and high 207 Pb were not homogenized during metamorphism. This suggests that the fluid activity which introduced the addition of high 207 Pb material either took place after the peak of metamorphism or the metamorphism did not homogenize the Pb isotopic composition on a hand specimen scale. It is interesting to note in this context, that sulphide remobilization occurred during the D 2 phase of deformation (Nironen 1994) , which probably is coeval with the granitoid intrusions (Kähkönen & Nironen 1994, Fig. 5) . It is likely that some 207 Pbrich material was introduced also into the whole rock samples. This would make the age connotations of the whole rock Pb-Pb regressions questionable.
Studies from the East Pacific Rise (Brevart et al. 1981 , Vidal & Clauer 1981 demonstrate that sulphides formed in the vicinity of hydrothermal vents are isotopically homogeneous and plot below the average global lead evolution curves. Data demonstrate that neither seawater nor hemipelagic sediments contribute significant amounts of continental lead to sulphides formed in an oceanic environment (Vidal & Clauer 1981) . A similar result has been obtained for the Besshi deposits in Japan (Sato & Sasaki 1980) and the Permian Mt. Chalmers deposit in Australia (Gulson & Vaasjoki 1987 ) which are associated with rocks of presumed mantle derivation. Also some island arc deposits (Kuroko; Fehn et al. 1983 ) contain leads which plot below the average global lead evolution curves. However, not all island arc related base metal ores behave in this manner. Thus the Palaeozoic volcanogenic deposits in eastern Australia conform to the average lead evolution models (Gulson & Vaasjoki 1987 ).
The results from Haveri thus suggest that no significantly older crustal material was available when the basalts and syngenetic primary sulphides formed. Later fluids carrying Archaean upper crustal lead derived from the local metasedimentary rocks contributed to the sulphide mineralisation. It remains open to which mineralising phase the formation of the Au ore was related.
Crustal development
The initial lead isotopic composition inferred from the whole rocks and measured on the Haveri chalcopyrites is identical within experimental error to the Outokumpu galenas (cf. Vaasjoki 1981) . This provokes to study the correlation between the Haveri formation and the 1.95-1.96 Ga Outokumpu and Jormua ophiolites near the Archaean craton margin in eastern Finland. The Sm-Nd data on Outokumpu are probably too sparse for comparison. Recent geochemical and Sm-Nd isotopic data on the Jormua ophiolite suggest that the main basalt suite has E-MORB-like characteristics with £ Nd (1950) of ca. +1.9, whereas few "early dykes" represent OIB-like alkaline suite with e Nd (1950) of ca. 0 (Peltonen et al. 1996) . The tectonic setting of the Haveri Formation is quite different from that of Outokumpu and Jormua, as the oldest rocks dated in the Tampere Schist Belt are just slightly over 1.9 Ga. However, as discussed by Lahtinen and Huhma (1997) , the overall geochemical and isotopic data of the Tampere Schist Belt and adjacent areas are best explained by assuming the occurrence of evolved thick crust and associated lithosperic mantle already at 1.91 Ga. Lahtinen (1994) suggests that the magmatism at Haveri was related to a pre-1.91 Ga rifting stage, but the available isotopic data provide neither strict age constraints nor correlation with ophiolites.
CONCLUSIONS
On the basis of the results of our analytical work and the preceeding discussion we conclude that:
1) The metabasalts of the Haveri Formation were derived from a mantle segment which had been enriched in LREE for a considerable time period. 2) Lead isotopic data indicate that the main sulphide mineralisation is genetically related to the metabasalts. The initial lead isotopic composition is the least radiogenic measured in the Svecofennian domain. 3) The second mineralising phase involved old upper crustal lead derived from the local sedimentary rocks. 4) The preservation of the Haveri Formation and the overall geochemical and isotopic data on the area suggest that continental crust was forming in the Tampere Schist Belt area already before the culmination of the Svecofennian orogeny, but probably not earlier than 1.95 Ga ago.
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